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ABSTRACT 

Analytic approximations for synchrotron, synchrotron self-Compton (SSC), and external Compton 
(EC) processes are used to constrain model parameters for knot and hot-spot emission in extended jets 
of radio galaxies. Equipartition formulas are derived that relate the Doppler factor 6 and comoving 
magnetic field B assuming a nonthermal synchrotron origin of the radio emission, and synchrotron, SSC 
and EC origins of the X-ray emission. Expressions are also derived for 6 and B that minimize the total 
jet powers of the emitting region in synchrotron, SSC and EC models for the X-ray emission. The results 
are applied to knot WK7.8 of PKS 0637-752. Predictions to test two-component synchrotron and EC 
models are made for Chandra and GLAST. 

Subject headings: galaxies: jets — radiation processes: nonthermal — X-rays: galaxies 
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1. INTRODUCTION 

The ability of the Chandra X-ray Observatory to resolve 
knots and hot spots in radio jets has opened a new chap- 
ter in jet research (for a recent review, see Stawarz 2004). 
The radio emission in the extended jets on multi-kpc - 
Mpc size scales is almost certainly nonthermal synchrotron 
radiation, but the origin of the X-ray emission is contro- 
versial. In many knots and hot spots, the spectral energy 
distribution (SED) at X-ray energies is a smooth exten- 
sion of the radio and optical fluxes, so that a synchrotron 
origin of the X-ray emission is implied. In other cases, 
the X-ray flux exceeds the level implied by smoothly ex- 
tending the radio/optical SED. But even in these cases, a 
one-component synchrotron interpretation may be possi- 
ble (Dermer and Atoyan 2002), and a two-component syn- 
chrotron model can be preferred on energetic and spectral 
grounds (Atoyan & Dermer 2004). 

Besides the synchrotron mechanism, two other nonther- 
mal processes are often considered to account for the X-ray 
fluxes observed from the knots and hot spots of radio jets, 
namely the synchrotron self-Compton (SSC) and the ex- 
ternal Compton (EC) processes (Harris and Krawczynski 
2002). The target photons for the EC model can be CMBR 
photons (Tavecchio et al. 2000), or nuclear jet radiation 
(Brunetti et al. 2001). The EC model involving CMBR 
target photons is the currently favored interpretation for 
quasar X-ray knots and hot spots where the X-ray spec- 
trum is not a smooth extension of the radio/optical spec- 
trum (Cclotti, Ghisellini, & Chiaberge 2001; Sambruna et 
al. 2004). In this model, the X-ray emission from knots 
such as WK7.8 of PKS 0637-752 is argued to be due to 
CMB photons that are Compton-upscattered by nonther- 
mal electrons from kpc-scale emitting regions in bulk rel- 
ativistic motion at distances up to several hundred kpc 
from the central engine. 

In a recent paper (Atoyan & Dermer 2004), we have 
addressed difficulties of the X-ray EC model to explain 
the opposite behaviors of the X-ray and radio spatial pro- 
files. This model requires large energies, particularly in 
debeamed cases where the observer is outside the Doppler 



beaming cone. Here we concentrate on radiation from 
the extended X-ray jets, and provide equations suitable 
for observers to interpret multiwavelength X-ray data of 
knot and hot-spot emission with synchrotron, EC and SSC 
models, and evaluate jet powers. Application to knot 
WK7.8 of PKS 0637-752 is used to illustrate the results. 

2. APPROXIMATE EXPRESSIONS FOR RADIATION 
PROCESSES 

We consider a spherical blob with radius rj and comov- 
ing volume VI — 47rr^/3 that moves with bulk Lorentz fac- 
tor r = (1 — /3 2 ) -1 / 2 . Emission from the blob is observed 
at angle 9j et = arccos /i with respect to the jet direction. 
The Doppler factor 5 = [T(l — /3//)] _1 . A randomly ori- 
ented magnetic field with intensity B is assumed to fill the 
volume of the blob. Nonthermal relativistic electrons are 
assumed to be uniformly distributed throughout the blob 
with an isotropic pitch-angle distribution and a Lorentz- 
factor distribution N^j), where N^^dj is the number of 
electrons with comoving Lorentz factors 7 between 7 and 
7 + d-f. 

For power-law electrons in the range 71 < 7 < 72, 

N' e ( 7 )= Kj-PH( T , 71,72), (1) 
where the Heaviside function H(^y; 71,72) = 1 if 71 < 7 < 
72, and H (7; 71,72) = otherwise. Normalizing to the to- 
tal comoving electron energy W' e = m e c 2 J. d r yyN' e ('y) im- 
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where e = hv/m e c ■ , e z = (1 + z)e, u B 
magnetic field energy density, di, is the luminosity dis- 
tance of the source at redshift z, and e B = B / B cr , where 
the critical magnetic field B cr 
G. 

The expression 
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is used to approximate the vF v spectrum in the EC process 
(Dcrmer 1995; Dermer et al. 1997). Here we assume that 
in the stationary frame, the radiation field is isotropic and 
monochromatic with dimensionless photon energy and 
energy density u* of the target photon field. Moreover, 
all scattering is assumed to take place in the Thomson 
regime, which holds for X-ray emission from Compton- 
scattered CMBR (Georganopoulos, Kirk, & Mastichiadis 
(2001) treat scattering in the Klcin-Nishina regime). For 
the CMBR, we let = 2.70/c b T CM b(1 + z)/m e c 2 = 
1.24 x 10~ 9 (1 + z), and it, = 4 x 10~ 13 (1 + z) A ergs cm" 3 . 

For the SSC spectrum, the internal photon target 
density is the synchrotron radiation spectrum n p h(e) = 
rt)N s (e)/cVl, where iV s (e) is the synchrotron spectral emis- 
sivity. Using a <5-function approximation for the Compton- 
scattcrcd spectrum in the Thomson regime gives 

f? SC - A^^V^c (4) 
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(Dermer et al. 1997), 
synchrotron logarithm = 
min(es7|, e'/7^, e' _1 ) an d a n 
(Gould 1979), and e' = e z /S. 

Eqs. (2), (3), and (4) are used to approximate the syn- 
chrotron, EC, and SSC vF v fluxes, respectively, and are 
accurate to better than 50% when 2 < p < 3.5 in the 
power-law portion of the spectrum, compared to more pre- 
cise treatments (Blumenthal & Gould 1970; Gould 1979). 

3. CONSTRAINTS ON S AND B 

The total particle energy density u par is related to ub 
through the relation u par = W par /V h ' — k eq us 7 where 



W' = W'(l 

r v par " e\ 



pe ) is the total comoving particle en- 
ergy, k eq = (1 + k pe )k eq is a parameter that measures the 
deviation of total particle to magnetic-field energy density, 
and k pe is the ratio of total proton energy to total elec- 
tron energy. The term k eq — W^/(V^ub) gives the ratio 
of electron (including positron) and magnetic-field energy 
densities. Eqs. (1) and eq. (2) imply 
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where ub ct = B 2 r /8n = 7.75 x 10 25 ergs cm" 3 is the crit- 
ical magnetic field energy density. The electron injection 
index p is related to the observed photon energy index 
through the usual relation a = (p— l)/2, where F v oc v~ a . 
Solving for 8es = SB/B cr gives 



Se B = Veq = 
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(6) 



2ca^u 2 B ^(p — 2)k e 

which is a familiar expression from synchro-Compton the- 
ory. The equipartition magnetic field is given when k eq = 

1, p = 2 or a = 1/2, with (p - 2) 7 < p ~ 2) -> [ln( 72 /7i)]- 1 = 
[(1/2) ln(e 2 /ei)]" 1 in eq. (6), where ei and e 2 are the pho- 
ton energies bounding the a = 1/2 portion of the syn- 
chrotron spectrum. 

For a model where the flux at energy e is assumed to be 
produced by the EC process, one finds from eq. (3) that 
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For a model where the flux at energy e is assumed to be 
produced by the SSC process, one finds from eq. (4) that 
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The photon energies e and vF v fluxes (ergs cm 2 s 1 ) 
of knot WK7.8 are (3.88 x 10" 11 , 2.6 x 10~ 15 ) at 4.8 
GHz, (6.96 x 10" 11 , 2.95 x 10" 15 ) at 8.6 GHz, (3.48 x 
10~ 6 , 8.6 x 10~ 16 ) at 4.3 x 10 14 Hz, and (3.1 x 10~ 3 , 
2.5 x 10" 14 ) at 3.8 x 10 17 Hz, using the HST optical 
values given by Schwartz et al. (2000) and the flux val- 
ues from Fig. 8 of Chartas et al. (2000). The rcdshift 
z = 0.651 for PKS 0637-752, so that d L = 1.19 x 10 28 
cm for a flat ACDM cosmology with Hubble constant 
of 72 km s _1 Mpc^ 1 and J7a = 0.73, as implied by 
the WMAP data (Spergel et al. 2003). Using these 
values with a blob size r& = r^ vc kpc and p = 2.6 

(a = 0.8) implies 5B„ G = 577/(fc°fV° p 7 c 9 7i° 16 ) from 
eq. (6) for the radio synchrotron model, where B p q is 
the comoving magnetic field in [iG. For the X-ray/EC 
model, we obtain 6 = 71/[k% 18 r k ^- n B ^ 6 } using eq. 
(7). For the X-ray SSC model, we obtain 5 = 2.3 x 
10 5 /[fc° 9 53 ^2 05 7i°- 32 (Sc) - 26 ^ 3 ] from eq. (8). 

Fig. 1 shows the relation between S and B for the ra- 
dio synchrotron, X-ray EC and X-ray SSC models with 
71 = 30 and k eq = 1 for the case of a pair (k pe = 0) and 
e-p (k pe = m p /7im e = 61) jet. Increasing B implies an 
increased number of electrons to maintain equipartition 
between the magnetic field and particle energy. Conse- 
quently 5 must decline to produce the same radio or X-ray 
fluxes. Because the SSC flux is proportional to the prod- 
uct of nonthermal electron and magnetic field energy, 5 
declines even faster with B for the X-ray SSC than for the 
radio synchrotron model. 

The interceptions of the X-ray EC and X-ray SSC lines 
with the radio synchrotron line give solutions satisfying 
each pair of models. These solutions also result in about 
the minimum total energies required in these models. The 
EC model implies values of B of tens of p,G and requires 
emission regions in relativistic motion. The SSC model 
requires large magnetic fields exceeding mG levels with 
debeamed (6 <C 1) emission. 

The S-B diagram presented here is based on the equipar- 
tition assumption u par — k eq us for each process sep- 
arately. By contrast, Tavecchio et al. (2000) assume 
equipartition for the synchrotron radio emission, but de- 
termine the dependence of 6 and B that reproduces the 
radio and X-ray data when equipartition is not assumed. 
The basic dependences in the two approaches can be de- 
rived and compared in the specific case p = 3, correspond- 
ing to a flat vF v spectrum. The bolometric synchrotron lu- 
minosity L s oc UBU par S 4 oc B 4 5 4 , u par = ub oc <5 4 , so that 
B5 oc const. When assuming equipartition for the EC pro- 
cess, Lec u par S e oc B 2 S e , so that BS 3 oc const, as given 
by eq. (7). If equipartition is not assumed when jointly 
satisfying the synchrotron radio and X-ray EC emission, 
Lec oc u par 5 Q , so that LEc/L sy n « 5 2 /B 2 , implying that 
5 oc B (Fig. 1 in Tavecchio et al. (2000)). 

The bolometric SSC luminosity Lssc oc u 2 ar UBS oc 
B 6 S 4 for SSC in equipartition, so that B 3 5 2 oc const 
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when p — 3, consistent with eq. (8). If equipartition 
is not assumed, then L 2 s /Lssc ^ u B S A oc const implies 
BS 2 oc const, which is the dependence that Tavecchio et 
al. (2000) obtain. The intersections of the lines in both ap- 
proaches correspond to the B and 5 values where equipar- 
tition holds for the radio synchrotron and EC/X-ray or 
SSC/X-ray emission. 

4. ENERGETICS AND MINIMUM JET POWERS 

We use the notations ffj^ and ff£ c for the vF v 
synchrotron, EC, and SSC fluxes measured at photon en- 
ergies e s , €ec an d e c> respectively. The total comoving 
energy 



from which one obtains 
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is the sum of particle energy, W par , 
W' B . The jet power is given by L 3 = nr% f3T 2 cW[ ot / 
(Celotti & Fabian 1993). We let T -> S to derive mini- 
mum jet power Lj^ m i n - 

For a synchrotron model, the jet power Lj(y) = 

TTr 2 cuB cr [k e qyeq rP ^ 2 y~^ 1+p ^ 2 + J/ 2 ] depends only on the 
product y = Se B evaluated at radio energies. The value 
of Se B that minimizes the jet power is given by y = 



for the Doppler factor Sssc that gives the minimum jet 
power for the SSC model. 

5. DISCUSSION 

We have derived the minimum jet power L^min for syn- 
chrotron, EC, and SSC models of the knots and hot spot X- 
ray emission. The two-component synchrotron model does 
and £?-field energy, no ^ connect the radio and X-ray fluxes, so that Lj^ min de- 
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and Lj 



= Lj(y). The ad- 



ditional power to produce the X-ray emission in a two- 
component synchrotron model is small in comparison with 
the radio power, because the X-ray emitting electrons must 
have large Lorentz factors and therefore cool very effi- 
ciently. The second electron component, if injected cospa- 
tially in a region with the same magnetic field, must how- 
ever have a low-energy cutoff so as not to overproduce 
optical radiation (Atoyan & Dermer 2004). 

For a nonthermal radio synchrotron and an EC X-ray 
model, jointly solving eqs. (2) and (3) gives 

/ fs „ \ 2/(p+l) / \ (3-p)/(p+l) 

es = s(J^-) , (10) 
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so that Wp ar oc (5~( 3+p ). The required particle kinetic 
energy decreases rapidly with <5 to produce the observed 
X-ray flux in the EC model, and the magnetic field energy 
increases rapidly to jointly fit the radio synchrotron and 
EC X-rays. The Doppler factor Sec that minimizes jet 
power is given by 
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K = 
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pends only on the product SB. Thus moderate values of S 
are possible. For the parameters of knot WK7.8 with 71 = 
30 and k pe = m p /( 7l m e ), y = 560(l + fc pe ) - 26 / ^( 7l °- 16 r° p 7 c 9 ), 
implying a minimum jet power of 7 x 10 46 ergs s _1 . This 
is also equal to Lj, m in for the synchrotron/EC model, 
which however only holds for specific values of S = 27 and 
B = 36 £iG (see Fig. 2). This is because most of the energy 
is contained in electrons with 7 ~ 71, which is restricted 
to low values in the EC model. Much larger values of 71 
are allowed in the two-component synchrotron model, so 
that even smaller jet powers are possible in this model. 

The large value of 5 = 27 for the minimum jet power 
in the EC model implies small and improbable observing 
angles 9 < S^ 1 < 2° with a deprojected length of w 2 Mpc 
of the jet in PKS 0637-752. For larger observing angles 
corresponding to 5 < 10, a jet power exceeding 10 48 ergs 
s _1 is implied (Fig. 2). The jet power could be reduced 
assuming a jet composed of c + -c~ plasma. The decay of 7 
rays in the two-component synchrotron model (Atoyan & 
Dermer 2003, 2004) will produce pairs, but at much higher 
energies than needed. If the pair plasma were produced in 
a compact inner jet, then the energy requirements would 
be hard to explain because of large adiabatic losses in the 
course of expansion of the blob from sub-parsec to kpc 
scales (see Celotti & Fabian (1993) for other arguments 
against a pair jet). 

The SSC model for knot WK7.8 is ruled out. This 
model formally satisfies the radio and X-ray fluxes with 
^ssc = 0.014 and corresponding magnetic field B = 0.07 
Gauss when Ec = 10, but requires comoving particle and 
field energies » 10 61 ergs. 

The synchrotron/EC model for knot WK7.8 allows a 
nonvariablc X-ray spectrum that cannot be softer than the 
radio spectrum, and predicts a 7-ray flux at the level of 
w 0.3 x 10~ 8 ph(> 100 MeV) cm" 2 s" 1 . This is detectable 
at strong significance with GLAST in the scanning mode 
over one year of observation, but may be difficult to dis- 
tinguish from the variable inner jet radiation. The two- 
component synchrotron model allows variability at X-ray 
energies, though at a low level because of the source size, 
with nonvarying 7-ray flux below the GLAST sensitivity 
(see Fig. 2 in Atoyan & Dermer (2004)). An interesting 
study for GLAST is to separate a highly variable inner 
jet component from a stationary emission component to 
determine maximum fluxes of the extended jet. 
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Fig. 1. — Dependence of Doppler factor on magnetic field to produce radio synchrotron flux (solid lines), X-ray flux from Compton-scattered 
CMBR (dotted lines), and X-ray flux from the SSC process (dashed lines) observed from knot WK7.8 under the condition of equipartition 
between magnetic field and total particle energy densities (k eq = 1). The minimum electron Lorentz factor 71 = 30, £c = 10, r;, = 1 kpc, 
and heavy and light curves are for a pair and e-p plasma, respectively. 
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Fig. 2. — Total comoving energy W[ in units of 10 50 ergs (solid) and jet power 1^,40 in units of 10 40 ergs s _1 (long-dashed) as a function 
of <5, divided into particle (dotted) and magnetic field (dashed) components for a radio synchrotron and X-ray EC model of knot WK7.8 of 
PKS 0637-752. The comoving magnetic field is shown by the heavy dotted line. The minimum electron Lorentz factor 71 = 30, Sc = 10, 
J*;, = 1 kpc, and we consider a jet made of e-p plasma. 



